Abstract A novel electrodeposition method in which silicate ions are key materials, has been applied on mortar samples. The microstructures of electrodeposited mortar were observed using scanning electron microscopy (SEM), X-ray diffraction instrument (XRD), mercury intrusion porosimeter (MIP) and differential thermo-gravimetric analysis (DTG). The durability of electrodeposited mortar was evaluated by examining the resistance to carbonization, sulfate attack and chloride diffusion. The results indicate that the method can not only refine the pore structure, but also coat the surface of mortar. In comparison with the control mortar, the carbonization depth at the same carbonization time and the reduction in the compressive strength after the identical time of exposure to sodium sulfate solution for the electrodeposited mortar are decreased. In addition, the chloride diffusion coefficient is remarkably decreased by approximate three times. Based on these, the electrodeposition method is promising for the application in upgrading the durability of real concrete structure.
Introduction
Concrete has been widely used as a major construction material, due to its relatively low cost and the easy availability of the constituent materials. However, the low awareness of the necessity to produce the durable concrete has caused serious problems. The concrete structure subjected to severe environments often encounters early deterioration, which leads to the reduction in its useful service-life, and forces extensive repairs. As a consequence, a huge economic loss has been caused. It has attracted more and more attention on seeking new ways to improve the durability of concrete (Li et al. 2015; Nosouhian et al. 2015; Shaikh and Supit 2014) .
The application of electrochemical technique in concrete has become increasingly popular due to its good effect, relative simplicity and time saving. For example, the electrochemical test method described in ASEM C1202 is to indicate rapid chloride permeability of concrete samples on the basis of the laboratory evaluation of their electrical conductance. The electrically accelerated test methods provided in the guideline NT Build 492 and NT Build 355 are often applied to determine the chloride diffusion coefficient of concrete. Furthermore, the electrochemical chloride removal is the technique that aims to move chloride ions away from the reinforcing steel and out of the concrete so as to prevent the corrosion of reinforcement in chloride contaminated concrete structure (Garcés et al. 2006; Ueda et al. 2012) . Besides, the electrochemical realkalisation method is developed to restore the alkalinity of the concrete around the reinforcement so as to stop the corrosion of reinforcement in carbonated concrete (Ribeiro et al. 2013; Yeih and Chang 2005) . In addition, investigations indicate that the reinforcement corrosion can be also mitigated by the electrical injection of corrosion inhibitor (Kubo et al. 2013; Sawada et al., 2005) , and the concrete expansion induced by the alkali-silica reaction (ASR) can be suppressed by the electrochemical penetration of lithium ions (Ueda et al. 2013) .
Electrodeposition as a typical electrochemical technique refers to the precipitation of material on the surface of an electrode by applying an electric field. It has been reported that the electrodeposition method can be adopted to close the crack in the reinforced concrete (Chu et al. 2014; Ryu and Otsuki 2002) . At the same time, it has also been indicated that the electrodeposition method can simultaneously coat the surface of concrete (where there are no cracks). In addition, some deposition products were observed in the pores of concrete, which leaded to the densification of hardened concrete. It is promising for such an electrodeposition method to carry out both surface coating layer formation and densification of not cracked concrete so as to upgrade its durability. However, the deposition products on the surface and in the pores of concrete are ZnO and Mg(OH) 2 , which are obviously different from the main composition of binder, and even the acidification of concrete may be induced by the above electrodeposition method according to the involved chemical reactions (Ryu and Otsuki 2002) . Based on these, we develop a new electrodeposition method to make the densification and coat the surface of concrete in this paper. In this method, the SiO 3 2-ions as key raw materials are used. As a result, the deposition products in the pores are similar to the main compositions of binder, and the produced coating layer on the , respectively. Tap water and distilled water were adopted to prepare mortars and various electrolytic solutions, respectively. All the chemical reagents used were analytically pure.
Electrodeposition
The fabricated mortar sample had the size of 4cm×4cm×16cm. The ratios of water-cement ratio (W/C) and cement-sand were 0.5 and 0.4, respectively. After one day of casting, the mortar samples were demolded, then cured in a 95% humidity chamber at 20±2℃ for twenty-seven days.
After the curing, the mortar sample was installed in the middle of rectangular electrolytic tank in order to carry out the electrodeposition. The detailed experimental configuration was indicated in Fig. 1 . Titanium meshes with the size of 4cm×16cm were served as the anode and cathode. The electrolytes in the anodic and cathodic compartments were saturated calcium hydroxide solution and 0.05mol/L sodium silicate solution, respectively. The applied voltage and conduction time were 24V and 28d, respectively. These technological parameters were optimized by preliminary experients, which indicated that too high (＞24V) and low voltage(＜24V) were not favourable for the electrodeposition. The conduction time exerted a similar effect on the electrodeposition. Besides, the temperature was controlled at 20±2℃. In order to maintain a stable composition, the electrolytic solution of sodium silicate was periodically replaced every three days. For the purpose of comparison, the control mortar sample not electrodeposited was also prepared.
Microscopic observation
After the electrodeposition, a thin white coating layer was formed on the mortar surface (with the thickness of about 1mm)(see Fig. 2 ). For the microscopic observation of coating layer, small slices were cut from the surface region of mortar sample. Then, they were allowed to be dried at the temperature of 60℃. For the microscopic observation of mortar, however, thin prisms were collected from the crushed mortar sample. Then, they were soaked in ethanol for stopping the hydration, and then dried at 60℃ in a vacuum of about 10 -3 Pa. Hitachi-3400N scanning electron microscopy (SEM) at an accelerating voltage of 15kV was applied. Besides, x-ray diffraction (XRD) measurement was carried out using D/Max-RB diffractometer with Cu Ka radiation. The diffraction angle (2θ) was ranged from 20º to 70º and the scanning rate was kept at 2 (º)/min. The pore structure of mortar sample was measured by the Poremaster GT-60 mercury intrusion porosimeter (Quantachrome) with a maximum mercury intrusion pressure of 210MPa. Moreover, the mercury surface tension of 0.48 N/m and a contact angle of 140° were used. Differential thermo-gravimetric analysis (DTG) tests were performed using STA409PC/4/H differential thermal analyse (NETZSCH corporation, Germany) at a heating and cooling rate of 5℃/min from 100℃ to 800℃.
Durability tests
Before durability tests, all the mortar surfaces except for the surface with the produced coating layer were coated by epoxy resin. The accelerated carbonation took place in a chamber at T=20±5°C, HR=70±5% and 20±3% of CO 2 concentration. Mortar samples were removed from the chamber at 3, 7, 14 and 28 days, and then the carbonation depth was measured by phenolphthalein spraying on a fresh split surface. The sulfate attack test was carried out by immersing mortar samples in 5.0% sodium sulfate solution, After 14, 30 and 60 days of exposure, the mortar samples were retrieved, and washed to remove the salt, and tested to determine the compressive strength. At the meantime, the compressive strength for the control mortar sample in water was also measured. Both compressive strengths were applied to determine the resistance modulus of compressive strength by the following equation:
where K is the resistance modulus of compressive strength(%), R k the compressive strength of mortar sample in sodium sulfate solution (MPa), and k R′ the compressive strength of specimen in water (MPa).
The chloride diffusion test was carried out by immersing mortar samples into 3.5 % sodium chloride solution for three months. After mortar samples were removed and cleaned, mortar powders were collected using a drilling machine at various depths from the surface not coated by epoxy resin. After passing through the sieve of 0.16 mm, 20g powders were added to 200ml distilled water in a beaker. The mixture was vigorously stirred for a period, and then left to stand for 24h. Subsequently, it was filtered and analysed with a potentiometric titration against silver nitrate to determine the chloride concentration. The measured chloride concentration was plotted against depth in order to obtain the chloride profile in the mortar sample. The coefficient of chloride diffusion in the mortar sample was determined from the chloride profile by solving Fick's second law of diffusion, as shown below:
where, C(x, t) is the chloride concentration at depth x and time t (%), C 0 the initial chloride concentration in mortar (%), C s the chloride concentration at the mortar surface(%), x the depth from mortar surface (mm), t the time (s), and D the effective chloride diffusion coefficient (cm 2 /s).
Results and discussion
It is clearly indicated in Fig. 2 that the electrodeposition method can produce a layer of white coating on the mortar surface. The coating layer has a uniform thickness, and exhibits high adhesion to the mortar surface. Obviously, it is beneficial for upgrading the mortar durability due to the resistance to the penetration of aggressive substances into the mortar sample. However, SEM image (see Fig. 3) indicates that there are a lot of micron-sized pores in the coating layer. The pores accounts for about 40-50% of coating layer. Aggressive substances can conveniently penetrate through the pores into the mortar sample, so it is anticipated that the ability of produced coating layer for upgrading the mortar durability is highly affected by the pores in the coating layer. Figure 4 indicates that XRD pattern of produced coating layer on the mortar surface. The XRD pattern can be indexed to standard cards of JCPDS 27-0088 and 75-2536. Therefore, it is concluded that the coating layer is composed of SiO 2 and CaSiO 3 . Considering the water evaporation during the drying process of sample before the SEM observation, the fresh coating layer formed by the electrodeposition method is silica and C-S-H gel compounds.
The pore size distributions of the control and electrodeposited mortars are indicated in Fig. 5. From the figure , the electrodeposited mortar has a smaller pore size than the control mortar. The critical pore diameters, corresponding to the highest peaks for the control and electrodeposited mortars, are 149.0nm and 122.8nm, respectively. Therefore, it is decided that the electrodeposition method has successfully made the mortar densified. Because the durability is closely associated with the pore structures of mortar, the durability of mortar should be improved by this densification due to the application of electrodeposition method. electrodeposited mortars. There are three peaks in the temperature regions: 100-210℃, 400-500℃， 680-750℃. In sequence, the peaks are mainly ascribed to the dehydration of C-S-H gel, decomposition of calcium hydroxide and decomposition of calcium carbonate formed due to carbonization (Kumar et al. 2012) . A quantitative analysis is performed to estimate the contents of C-S-H gel and calcium hydroxide in the mortars from the weight losses data. The weight losses are 2.71% and 2.77% for C-S-H gels in the control and electrodeposited mortars, respectively. Likewise, the values are 2.24% and 2.44% for calcium hydroxide in the control and electrodeposited mortars, respectively. Therefore, it can be concluded that the contents of C-S-H gel and calcium hydroxide in mortars are increased due to the application of electrodeposition method. Under the applied electric field, the SiO 3 2-ions in the cathodic compartment will be electrically driven into the pores of mortar. They will react with Ca(OH) 2 to promote the additional C-S-H gel formation, which induces the densification of concrete/mortar. In addition, there is a high alkalinity for the electrolytic solution of sodium silicate due to the hydrolytic reaction of SiO 3 2-ions:
Similar to 2 3
SiO − ions, OH -ions can be simultaneously electro-transported into the mortar sample so that additional calcium hydroxide is produced by their reactions with calcium ions in the pores of mortar. At the same time, this process makes the reaction equation (3) proceed to the right-hand side, which may induce the precipitation of silica gel on the surface of concrete/mortar. Furthermore, some Ca 2+ ions in the pores of mortar sample can transport to the sodium silicate solution, which reacts with SiO 3 2-ions so as to form the C-S-H gel. Accordingly, the composite coating of C-S-H gel and silica gel is formed. Moreover, all the loss of Ca 2+ ions due to the formations of additional C-S-H gel and calcium hydroxide can be compensated by the electro-transportation of Ca 2+ ions in anodic compartment. The carbonization depths of control and electrodeposited mortars corresponding to various carbonization times are indicated in Fig. 7 . Compared with those of control mortar, the carbonization depths of electrodeposited mortar at the same time are relatively smaller. Therefore, the resistance to carbonization for the electrodeposited mortar is increased. Such a change should be ascribed to the combined contributions of produced coating layer and mortar densification by the electrodeposition method. Despite this, it is noticed that the reduction in the carbonization depth has a numerable value, indicating that the coating layer cannot prevent thoroughly CO2 molecules from diffusing into the mortar. This result should be due to the porous structure of produced coating layer.
In Fig. 8 , the resistance modulus of compressive strengths of control and electrodeposited mortars corresponding to various immersion times are indicated. With the increase of immersion time, the resistance modulus of compressive strengths of control and electrodeposited mortars are decreased, indicating the attack action of sodium sulfate solution. However, the resistance modulus of compressive strength of electrodeposited mortar exhibits a gentle change with the immersion time. Besides, its value is relatively higher than that of control sample at the same immersion time. Accordingly, it is concluded that the resistance to sulfate attack for the electrodeposited mortar is increased.
The profiles of free chloride ions for the control and electrodeposited mortars are presented in Fig. 9 . From  Fig. 9 , it can be seen that the chloride content for the electrodeposited mortar is remarkably lower than that for the control mortar at the similar depth. Six -eight times decrease in the chloride content can be attained. Therefore, the electrodeposition method intensively suppresses the chloride diffusion into the mortar, which indicates the great potential to upgrade the durability of mortar. The reason for this should be ascribed to the combined contributions of surface coating layer and densification of mortar. The coefficients of chloride diffusion determined by solving the equation (4) 
Conclusion
In summary, we present a novel electrodeposition method to coat the mortar surface and refine the mortar pore structure. In this method, the SiO 3 2-ions as key raw materials are applied. It is found that the produced coating layer is silica and C-S-H gel compounds with numerous micron-sized pores. The formations of additional C-S-H gel and calcium hydroxide contribute to the densification of electrodeposited mortar. In comparison with the control mortar, the carbonization depth at the same carbonization time and the reduction in the compressive strength after the identical time of exposure to sodium sulfate solution for the electrodeposited mortar are decreased. In addition, the chloride diffusion coefficient is remarkably decreased by more than six times. Therefore, the electrodeposition method is promising for the application in upgrading the durability of real concrete structure. 
